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General Abstract
Pulp mill wastewater is essentially characterized by the presence of toxic organic and 
inorganic pollutants, and the industry is faced with the challenge of effectively removing 
these compounds before disposal. In this study, the use of Fenton’s oxidation in removing 
chemical oxygen demand (COD) and color from the pulp mill wastewaters was investigated.
The study involved the optimization of the various operating conditions for the process. 
Different values of pH (2 to 6 ), temperature (30 to 50°C), H2O2 (0.1M to 6 M), and Fe2+ 
(0.02M to 0.5M) were used. Furthermore, investigation of the process in treating different 
wastewaters obtained from 3 kraft pulp mills was conducted.
Results obtained from the entire study indicated that Fenton oxidation process is an effective 
treatment method for this type of wastewater as it enhances the efficiency of COD and color 
removal. Overall, this process can be considered effective as a pre-treatment and post 
treatment method.
Keywords: Fenton’s oxidation process, Pulp mill wastewater, COD, Color.
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CHAPTER 1
GENERAL INTRODUCTION
Pollution of water by organic matter is a major threat to water quality as it often poses 
problems for treatment. This pollution is aggravated by disposal from industrial processes 
due to the significant organic content, low biodegradability, and discoloration in such waste 
stream. Many industries use large volume of water in their production process and as a result 
generate large quantities of aqueous effluent containing toxic organic materials. Among 
these industries that utilize large volumes of water is the pulp and paper mill industry. 
Indeed, it is considered by some researchers to be one of the most polluting industries 
(Thompson et al., 2001; Sumathi & Hung, 2006).
The pulp and paper mill industry is one of the most significant industries in North America, 
accounting for a major portion of the economy in terms of value of production and total 
remuneration to employees (Sinclair, 1990; Pokhrel & Viraraghavan, 2004).
The pulp and paper mill industry utilizes large amounts of lignocellulosic materials and 
water during the production process (Badar & Farooqi, 2012). The production process occurs 
in two phases: pulping and washing which is the initial stage, and bleaching which is the 
second stage. The pulping process treats the raw material chemically or mechanically to 
remove lignin, which is a complex organic compound that keeps the wood fibers bound 
together and also gives the wood its characteristic color. The removal of lignin facilitates the 
separation of cellulose and hemicellulose fibers as well as improves the fiber properties in 
papermaking. Cellulose and hemi-cellulose are the carbohydrate fraction of wood that 
determines the strength and flexibility of the fiber and its end use in papermaking (Canfor
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technical fact sheet, 2010). The bleaching process on the other hand, is employed to brighten 
and whiten the pulp through removal of residual lignin (Sumanthi & Hung, 2006).
The pulping and bleaching stages produce significant solid, liquid, and gaseous wastes as 
shown in Table 1.1. Solid wastes include bark from the wood debarking process, and lime 
slaker grit from recausticizing of the green liquor in order to produce white liquor for die 
cooking plant. Solid wastes also include sludge from the wastewater treatment plant and 
activated sludge unit, scrubber sludge, and ash from furnaces and boilers. Liquid wastes can 
be generated from washing of the wood chips, wood chip digestion, pulp screening, 
thickening, and cleaning processes. The primary source of liquid waste in a well-run Kraft 
pulp mill is typically filtrates originating from the bleaching process.
2
Table 1.1: Types of Pollutants Generated During Chemical (Kraft) Pulping and Bleaching 
Steps
Pollution generating step Pollution output phase Nature of pollution
Wood debarking and chipping Solid Bark, wood processing residues
Chemical (Kraft) pulping, 
Black liquor evaporation, and 
chemical recovery steps
Air Total reduced sulfur (hydrogen 
sulfide, methyl mercaptan, dimethyl 
sulfide, dimethyl disulfide), VOC
Wood chip digestion, 
Spent pulping liquor 
evaporator condensates
Water High BOD, color, may contain 
reduced sulfur compound, resin 
acids,
Pulp screening, thickening, and 
cleaning operations
Water Large volume of waters with SS, 
BOD, and color
Smelt dissolution, clarification 
to generate green liquor
Solid Green liquor dregs
Recausticizing of green liquor, 
clarification to generate white 
liquor
Solid Lime slaker grit
Chlorine bleaching of pulp Water BOD, color, chlorinated organics, 
resin acids
Wastewater treatment Air
Solid
VOC
Primary and secondary sludge, 
chemical sludge
Scrubbing for flue gases Air
Solid
VOC
Scrubber sludge
Recovery furnaces and boilers Air
Solid
Fine and coarse particulates, 
nitrogen oxides, S 02.
Ash
Source: Smook, (1992) as cited in Sunanthi & Hung, (2006).
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Gaseous wastes include reduced sulfur gases such as hydrogen sulfide and dimethyl sulfide 
from the Kraft pulping and chemical recovery process, along with volatile organic 
compounds (VOC) such as phenols, carbon disulfide, chloroform, alcohols, chloromethane, 
trichloroethane and terpenes from wastewater treatment, wood chip digestion, and spent 
liquor evaporation and bleaching step (Smook, 1992; Sunanthi & Hung, 2006).
The pulping and bleaching processes are energy intensive and typically consume large 
volume of water along with large quantities of chemicals such as sodium hydroxide, 
hydrochloric acid, chlorine dioxide, bisulfites, sodium carbonate, hydrogen peroxide, and so 
on (Sunanthi & Hung, 2006). The wood pulping and paper production process, therefore, 
generates wastewater with a considerable amount of pollutants that is generally characterized 
by chemical oxygen demand (COD), biological oxygen demand (BOD), toxicity, color, and 
suspended solids.
These wastewaters are often difficult to treat by biological treatment because of the high 
organic content which primarily is in the form of chlorinated compounds estimated as 
adsorbable organic halides (AOX) resulting from the pulp bleaching stage. Furthermore, the 
presence o f toxic organic materials, including lignin and its derivatives, fatty acids, and resin 
acids along with suspended solids, and sulfur compounds in the effluents may also hinder the 
effectiveness of the biological process (Sumathi & Hung, 2006; Rizzo, 2011; Badar & 
Farooqi, 2012).
The traditional treatment of pulp and paper mill effluent often employs two levels of 
treatment: primary and secondary treatments. The primary treatment is a physical treatment 
process that involves primary clarification through sedimentation or dissolved air flotation 
for the removal of suspended solids before the biological treatment. The second stage is the
application of secondary biological treatment such as activated sludge (AST), aerated 
stabilization basins (ABS), and up-flow anaerobic sludge blanket (UASB) for removal of 
biodegradable organic matter (Thompson et al., 2001; Pokhrel & Viraraghavan 2004). 
Although the conventional treatment reduces the organic content in the wastewaters, it is 
considered to be less effective in removing organic compounds that are toxic or resistant to 
the biological process (Mota et al., 2009). Organic compounds such as chlorophenols and 
residual lignin are not fully degraded by the biological process as the biodegradability of a 
compound is strongly affected by its chemical structure. It is much easier to break a 
compound having a straight chain carbon to carbon single bond than a multiple bond or 
substituted organic compound (Caltakaya & Kargi, 2006; LaGrega, Buckingham, & Evans, 
2010). Dias & Alenxander (1971) reported that the rate of decomposition for unsubstituted 
aliphatic acid was faster compared to the degradation of substituted acids and also the 
dihalogenated compounds tested were observed to be resistant to the biological process. 
Hence, organic compounds tend to remain in the wastewater stream after biological 
treatment because the microorganisms avoid the more complex compounds while consuming 
chemicals to break down weaker carbon bonds.
Wastewaters from pulp and paper mills may therefore be considered a serious environmental 
hazard when untreated or poorly treated before discharge into receiving waters because of 
the presence of toxic substances that are resistant to the biological treatment. Hence, there is 
a need to identify effective treatment methods in reducing these pollutants to a minimal or 
insignificant level.
Various advanced technologies are being proposed to resolve these challenges in removing a 
wide range of contaminants and for better use of economic resources. Some proposed
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technologies include membrane filtration (Zhou & Smith, 2002), UV-irradiation, and 
advanced oxidation processes (AOPs) (Andreozzi et al., 1999; Tony et al., 2012).
1.1 Objectives of Study
The objective of this present work is to investigate the application of one of the advanced 
oxidation processes in treating pulp mill wastewaters. The advanced treatment process 
chosen for the study is the Fenton’s oxidation treatment. The optimum method for this 
process is investigated by optimizing the various operating parameters which include pH, 
temperature, Fenton’s reagent dosage (hydrogen peroxide and ferrous ion), and reaction time 
in order to get the best condition to minimize chemical oxygen demand (COD). Furthermore, 
the study aims at evaluating the effectiveness of this oxidation process in the removal of 
organic pollutants and color from pulp and paper mill wastewaters, as well as combined 
industrial waste from refinery and pulp mill industries.
1.2 Rationale
The major reason for undergoing this research is to provide a treatment method that is 
reliable, efficient, simple, timely and cost effective for extensive treatment of organic 
pollutants in pulp mill wastewaters and reduction of the pollutants to minimal or 
insignificant levels. Thus, the application of Fenton’s oxidation process is expected to meet 
industrial application requirements as it employs the use of inexpensive and easy to handle 
chemicals.
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1.3 Novelty of Research
This research investigates the application of Fenton’s oxidation process directly to the 
treatment of different wastewater streams from pulp mills. Prior to this research, Fenton’s 
oxidation process has only been applied with other treatment of other forms of wastewater.
Furthermore, this present study examines the application of Fenton’s oxidation process to 
combined wastewater from pulp mills and oil refinery industries which is also considered a 
new research area.
It is worthy of mention that this is the first study to investigate the effectiveness and 
efficiency of the Fenton’s oxidation as a single treatment on different wastewaters obtained 
from the three mills operated by Canfor Pulp Products Inc., Canada.
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CHAPTER 2
FENTON’S CHEMISTRY
2.0 INTRODUCTION
One major challenge for any industry is addressing industrial waste and particularly organic 
waste products which can pose significant health and environmental risks. It is not surprising 
that industries, environmentalists, and scientists are seeking ways to reduce and/or eliminate 
organic pollutants from being discharged into the environment.
In an attempt to solve these problems various treatment technologies ranging from physical 
and biological remediation to advanced chemical techniques are being explored for effective 
removal of these organic compounds from effluents, sludge, soils, and any other industrial 
discharge.
Among the many chemical techniques that have been applied to the problem of organic 
pollutants is the use of chemical oxidation and specifically the application of the Fenton 
oxidation process.
The Fenton oxidation process was discovered in 1894 by a British chemist, Henry J.H. 
Fenton. He observed that copper and iron catalyze the oxygen transfer processes, thus 
increasing the capacity of hydrogen peroxide to act as an oxidizing agent. The Fenton 
oxidation process is based on the reaction between hydrogen peroxide and an iron salt 
resulting in the generation of a highly reactive and strongly oxidizing hydroxyl radical 
suitable for the decomposition of organic pollutants in water (Fenton, 1894).
Despite Fenton’s publication of his work in 1894, it took many years for the Fenton 
oxidation process to be industrialized. Its first major industrial use did not occur until the
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1960s (Huang et al., 1993). Research is still ongoing into the effectiveness of this method for 
treating a variety of wastewaters produced from industrial, domestic and commercial 
operations. Its applicability is being compared and contrasted with other advanced oxidation 
processes (Tony et al, 2012; Ben et al., 2009; Al-kdasi et al., 2004).
This chapter will first discuss and explore general iron chemistry and hydrogen peroxide 
chemistry before discussing, in detail, the mechanistic aspects of Fenton’s oxidation process 
and its suitability for oxidative decomposition of organic waste.
2.1 IRON CHEMISTRY
2.1.1 Occurrence and Extraction o f Iron
Iron (Fe), among all metals, from an industrial perspective, is undoubtedly the most 
important metal in the development of modem civilization. It is the fourth most abundant 
element in the earth’s crust representing 8 % by mass, with oxygen, silicon and aluminium 
being first, second, and third respectively. Iron is a constituent element in many minerals 
such as hematite (Fe2 0 3 ), magnetite (Fe3 0 4 ), and siderite (FeCOs). It has also been found in 
meteorites indicating the existence of iron metals and iron minerals throughout the solar 
system and not restricted to Earth (Housecraft & Sharpe, 2001; Vogel, 1987).
Iron is a silvery-white or grayish transition metal with a melting point of 1535 °C and boiling 
point of about 3000 °C. It is ductile and malleable as it can be drawn into thin wire and is 
capable of being hammered into thin sheets. It has a very high tensile strength. Iron occurs in 
compounds with oxidation states ranging from - 2  to +6 , with the two most common ones 
being the +2 and +3 which are the ferrous ion and ferric ion, respectively (Vogel, 1987).
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Metallic iron is reactive and rapidly corrodes when in contact with moisture. Finely divided
iron is pyrophoric and reacts spontaneously and sometimes violently on contact with air
and/or water through rapid oxidation, resulting in sufficient heat to make the iron glow 
orange and act as a source of ignition for the generated hydrogen during the redox reaction 
(Housecraft & Sharpe, 2001; Vogel, 1987).
Metallic iron readily dissolves in hydrochloric or sulfuric acid to form iron salts and 
hydrogen gas as shown in reaction 1 and 2 (Housecraft & Sharpe, 2001; Vogel, 1987).
Fe + 2HC1 — FeCl2 + H2 (1)
Fe + H2S0 4 -» FeS04 + H2 (2)
The overall redox reaction is: Fe° + 2H+ —* Fe2+ + H2 (3)
Although iron readily dissolves in dilute nitric acid, its reaction with concentrated nitric acid 
renders it passive. In this state, the concentrated nitric acid reacts with the metallic iron to 
form a metal oxide layer that protects the bulk of the metal from further oxidation (Vogel, 
1987).
Iron is rarely found in its pure form. Rather, it is mainly found in minerals such as hematite 
and pyrite from which iron is obtained by smelting. Commercial iron metals are significantly 
hardened and strengthened by the addition of some impurities such as carbon, silicon, sulfur, 
phosphorus, magnesium and manganese (Vogel, 1987). Indeed, alloys of iron are 
significantly more valuable than pure iron itself because iron alloys tend to have enhanced 
structural properties which make the resulting alloy much stronger than the pure metal. 
Hence the applicability o f iron alloys in construction and metal production (Vogel, 1987; 
Housecraft & Sharpe, 2001).
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The most widely used iron alloys are steel. Steel is produced by the chemical reduction of 
iron ore. The iron (crude iron) in a blast furnace is reduced by coke to pig iron containing a 
high carbon content. A further refinement with oxygen reduces the carbon to the proportion 
required for production of steel (Housecraft & Sharpe, 2001).
2.1.2 Uses and Roles o f Iron
Iron is essential to a wide variety o f industrial processes and is of critical importance to 
humans, plants, and animals as well.
Industrially, iron is heavily used for the production of many metallic substances due to its 
low cost and high strength. Metallic iron is used in the manufacturing of machine tools and 
parts, building parts, hulls o f large ships, and automobiles. Indeed, this era has been called 
the New Iron Age because the majority of structures are made using metallic iron in some 
form.
Iron is not only important and useful in its metallic form but also in the form of chemical 
compounds resulting in significant industrial uses. The combination of iron with other 
elements produces a wide variety of products. Some examples include iron chlorides, 
sulfates of iron, and oxides of iron.
For example, iron chlorides, such as ferrous chloride (FeCb), and ferric chloride (FeCl3), are 
important chemical compounds used for water and wastewater treatment. Ferric chloride 
serves as a reducing flocculating agent in wastewaters especially wastes contaminated with 
chromium. Chromium in the hexavalent state (known as chromate) is reduced to its trivalent 
state on the application of ferric chloride as reducing agent. This makes the removal of 
chromium in the lower oxidation state possible by precipitation using lime or caustic soda.
11
Ferric chloride is also used as a coloring agent in paints, as a dye for cloth, as an additive in 
animal feed, and in the manufacturing of printed circuit boards (Wildermuth et al., 2000).
Ferrous sulphate (FeSC>4), like ferric chloride, also serves as a reducing agent in sewage 
treatment system. Ferrous sulfate is a catalyst in the production of ammonia, fertilizers and 
herbicides. It is used as an additive in flour to increase its iron content, thereby preventing 
iron deficient anemia. Another example of an iron compound used as a dietary supplement is 
the ferrous gluconate [Fe(C6 Hi 1 0 7 )2] (Wildermuth et al., 2000).
Iron plays a very vital role in biochemical processes and is critical to life. It is an essential 
element in human diet. It occurs in the globular proteins hemoglobin and myoglobin that 
serve to bind and deliver oxygen (Lippard & Berg, 1994). The iron atom in hemoglobin 
coordinates the oxygen molecule and hence the transportation of oxygen around the body to 
the cells of all the tissues (Housecroft & Sharpe, 2001; Lippard & Berg, 1994).
In plants, iron is among the elements that are considered essential for plant growth. Iron is an 
immobile nutrient within the plant system. It helps in the absorption of other elements, it is 
needed for the synthesis of chlorophyll, and it is a constituent of the enzyme systems that 
bring about redox reactions essential for plant development and reproduction. It regulates 
respiration, photosynthesis and reduction of nitrates and sulfates (Lippard & Berg, 1994).
2.1.3 Deficiency and Toxicity o f Iron
Despite the importance of iron in processes involving the production of energy by the cells, 
its accumulation or depletion in the body can be damaging. A severe depletion of iron in the 
body results in a low concentration of hemoglobin or inadequate red blood cells and is 
referred to as anemia (Housecroft & Sharpe, 2001). Although iron may be lost through urine
12
and sweat, a larger percentage is lost through the blood. Deficiency of iron in the body can 
be caused by blood donation, bleeding from the gastrointestinal tracts, or excessive 
menstrual bleeding in females.
In plants, deficiency of iron is called chlorosis in which leaves produce insufficient 
chlorophyll thereby resulting in yellowing of leaves. Iron deficiency in plants can occur 
when the soil is too alkaline, waterlogged, or over fertilized (Schuster, 2008).
Iron toxicity occurs when there is a free iron in the cell. An increased quantity of ingested 
iron causes excessive levels of iron in the blood. A high level of free ferrous iron in the 
blood reacts with peroxides to produce free radicals, which are very reactive and can damage 
cell components, DNA, proteins, and lipids. Excessive iron in the bloodstream is known as 
hemochromatosis and is caused by a gene that enhances iron absorption (Heney et al, 1995).
Iron damages the cells in the heart and liver thereby causing significant adverse effects such 
as coma, shock, liver failure, long term organ damage, and even death (Heney et al, 1995).
2.1.4 Iron (II) and Iron (III) Chemistry
In compounds, iron exists in oxidation states ranging from -2 to + 6  with the two most 
common ones being iron (II) ions (Fe2+) and iron (III) ions (Fe3+). Iron reacts with oxygen to 
form various oxides and hydroxides. Iron (II) oxide FeO, and iron (III) oxide Fe2 0 3 are the 
principal ores for the yield of iron.
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2.L4.1 Iron (II)
The iron (II) ion denoted as Fe2+, has an electronic configuration of [Ar] 3d6. It is a reducing 
agent and is easily oxidized by dissolved oxygen to iron (III). Iron (II) can be obtained from 
ferrous sulfate salt or ferrous ammonium sulfate. All iron sulfate salts dissolves in water to 
give the pale green hexaaquairon complex [Fe(H20)6]2+. Ferrous ammonium sulfate is 
considered to be more stable than ferrous sulfate in that the presence of the ammonium ions 
NH4+ in the ferrous ammonium salt, makes the salt slightly acidic thereby slowing down the 
oxidation of Fe2+ to Fe3+. The ferrous ammonium salt is therefore much less prone to 
oxidation by air compared to the other ferrous salt (Housecroft & Sharpe, 2001; Vogel, 
1987).
Reactions of Fe2+
Iron (II) ions react with sodium hydroxide (NaOH) solution in the absence of air to produce 
iron (II) hydroxide Fe(OH)2j as shown in equation (4). When exposed to air, Fe(OH) 2 is 
rapidly oxidized to iron (III) hydroxide Fe(OH)3 (equation 5). The addition of hydrogen 
peroxide results in the same oxidation process o f Fe(OH) 2 to Fe(OH)3 as shown in equation 6  
(Housecroft & Sharpe, 2001; Vogel, 1987):
Fe2+ + 20H ' -♦ Fe(OH)2 (4)
4Fe(OH) 2 + 2H20  + 0 2 -> 4Fe(OH) 3 (5)
2Fe(OH) 2 + H20 2 -► 2Fe(OH) 3 (6 )
In a solution containing ammonia, iron (II) hydroxide precipitates. In a situation where the 
amount of the ammonium ions present is high, the dissociation of ammonium hydroxide is
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suppressed thereby lowering the concentration of hydroxyl ions to an extent that the 
solubility product of iron (II) hydroxide is not attained and precipitation does not occur 
(Vogel, 1987).
2.1.4.2 Iron (III)
The iron (III) ion has an electronic configuration of [Ar]3d5 and is denoted as Fe3+. Ferric 
iron is usually more stable in air compared to ferrous iron. Iron (III) ions can be obtained 
from iron (III) chloride FeCl3. In solution, Fe3+forms compound that are often insoluble. Iron 
(III) salt undergoes hydrolysis in water resulting in the production of iron (III) hydroxide, Fe 
(OH) 3(Vogel, 1987).
Reaction of Fe3+
Ferric ions react with sodium hydroxide or ammonia to produce a reddish-brown hydrated 
hydroxide precipitate Fe(OH)3, according to the following reaction:
Fe3+ + 3 OH' ->• Fe(OH) 3 (7)
Fe3+ + 3NH3 + 3H20  -► Fe(OH) 3 + 3N H / (8 )
The hydrated hydroxide complex precipitates for iron (II) and iron (III) and can be written as 
[Fe(0 H)2(H2 0 ) 4  and [Fe(0 H)3(H2 0 )3], respectively. The reaction can also be written as a 
ligand displacement reaction:
[Fe(H20 )6]2+ + 20H~—* [Fe(H20 )4(0H)2] + 2H20  and
[Fe(H2 0 )6]3+ + 3OH” -> [Fe(H20 )3(OH)3] + 3H20
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2.1.4.3 Oxidation o f  Iron (II) to Iron (III) ions:
Exposure to air causes a slow oxidation reaction to take place. Rapid oxidation occurs in the 
presence of chlorine, hydrogen peroxide, potassium chlorate in concentrated hydrochloric 
acid, potassium permanganate, potassium chlorate, concentrated nitric acid, and eerie sulfate 
in acidic solution.
In the process of oxidation of iron (II) to iron (III), iron (II) acts as a reducing agent. For
example, iron (II) reduces MnCV to Mn2+(aq). Another example is the reduction of Cr20 7 2~ to
1
Cr (aq>. Reactions for the above examples are given in equation (11) and (12) respectively 
(Housecraft & Sharpe, 2001; Vogel, 1987).
2.1.4.4 Reduction o f  Iron (III) to Iron (II):
This can be achieved by strong reducing agents such as zinc, cadmium, potassium iodide, 
hydrogen sulfide, hydroxylamine, or ascorbic acid (Housecraft & Sharpe, 2001; Vogel, 
1987).
5Fe2+ + MnQ4“ + 8 H+ -► Mn2+ + 5Fe3+ + 4H20 (11)
6 Fe2+ +Cr20 72- + 14H+ — 2Cr3+ + 6 Fe3+ + 7H20 (12)
2Fe3+ + Zn—► 2Fe2++ Zn2+ (13)
2Fe3+ + Cd -*■ 2Fe2+ + Cd2+ (14)
2Fe3+ + 2 r  2Fe2+ + 12 (15)
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2.2 HYDROGEN PEROXIDE (H20 2)
Hydrogen peroxide, H20 2, is a hydride of oxygen. It is a colorless liquid with a pungent 
odor. It can be produced industrially by the catalytic oxidation of 2-ethylanthraquinone, 
Ci6Hi20 2 (Hosecroft & Sharpe, 2001). Figure 2.1 shows the catalytic cycle used in the 
manufacturing of H20 2.
In this catalytic cycle, the organic alkylanthroquinol undergoes a redox cycle resulting in the 
oxidation of oxygen to hydrogen peroxide. The hydrogen peroxide is extracted into water 
and the other organic product quinone is subsequently reduced by hydrogen gas, using a 
palladium (Pd) or nickel-catalyzed reaction back to the starting material (Campos-Martin et 
al, 2006; Housecraft & Sharpe, 2001).
H a
P d  o r  N'i
O HO
O HO
O 2
Figure 2.1. Catalytic cycle in the manufacture of hydrogen peroxide
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Hydrogen peroxide can act both as an oxidizing and reducing agent depending on the pH of 
the solution. In acidic solutions, hydrogen peroxide oxidizes Fe2+ to Fe3+ (equation 16), it 
also oxidizes iodide ion (I ) to iodine (I2), chromium III to chromium VI, and sulfites to 
sulfates. Nevertheless, in acidic solution, potassium permanganate is reduced to Mn2+ as 
shown in equation 17 (Housecraft & Sharpe, 2001).
2Fe2+ (aq) + H20 2 + 2H+ (aq) -► 2Fe3+ (aq) + 2H20  (1) (16)
2MnCV + 5H20 2 + 6 H+ 2Mn2+ + 8H20  + 502 (17)
In alkaline solution, hydrogen peroxide acts as a good reducing agent. For example, it 
reduces potassium permanganate, and sodium hypochlorite as shown in equation 18 and 19 
respectively.
2KMn04 + 3H20 2 -► 2Mn02 + 2KOH +2H20  +302 (18)
NaOCl + H20 2 -> NaCl + H20  + 0 2 (19)
Pure concentrated hydrogen peroxide solution is fairly stable. It decomposes readily into 
water and oxygen when heated above about 80°C. It also decomposes in the presence of 
various catalysts such as alkalis, some metal ions, oxidizable materials, or heterogeneous 
catalysts like platinum (Pt) or manganese (IV) oxide (Mn02). Small amounts of stabilizer, 
usually acetanilide (C8H9NO) or absorbing materials like sodium stannate (Na2SnC>3), are 
often added for the stabilization of hydrogen peroxide solutions (Housecraft & Sharpe, 
2001).
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2.2.1 Uses and Risks o f Hydrogen Peroxide
Hydrogen peroxide is used for pulp and paper bleaching and in other environmental 
application such as water pollution control, as antiseptic and disinfectants, along with the 
production of sodium perborate and percarbonate which are used as mild bleaches in laundry 
detergents (Housecraft & Sharpe, 2001).
Hydrogen peroxide, though useful in numerous applications, can pose several risks if not 
properly handled. When in contact with organic compounds or other readily oxidized 
materials, it forms an explosive mixture. Hydrogen peroxide mixed with hydrazine has been 
used as a rocket propellant (Housecraft & Sharpe, 2001; Hill & Empire, 2001).
A high concentration of hydrogen peroxide is considered hazardous. It corrodes many 
materials including the human skin. In the presence of reducing agents, high concentration of 
hydrogen peroxide tends to react violently (Housecraft & Sharpe, 2001; ATSDR, 2014).
The household strength solution of hydrogen peroxide (3 -  9%) can cause irritation to the 
skin and eyes. Inhalation of concentration higher than 10% can result in severe pulmonary 
irritation. Ingestion of a dilute solution may lead to vomiting, mild gastrointestinal irritation 
and gastrointestinal erosion, which is the blockage of blood vessels by air bubbles. When 
consumed, its decomposition in the stomach releases large amount o f gas which can result in 
internal bleeding (Agency for Toxic Substances and Disease Registry (ATSDR), 2014). The 
intake of higher concentration induces rapid loss of consciousness followed by respiratory 
paralysis in addition to the above mentioned effects. Exposure to the eyes may result in pain 
and irritation; more concentrated solution can lead to ulceration or perforation of the cornea. 
When in contact with skin, it results in temporary bleaching of the skin and hair in addition
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to irritation. Highly concentrated solution may result in severe skin bums with blisters 
(ATSDR, 2014).
2.3 ADVANCED OXIDATION PROCESS
The advanced oxidation process (AOP) is a chemical process that is characterized by the use 
of highly reactive intermediates such as hydroxyl radicals generated in solution and other 
strong oxidant species. These highly reactive species are able to attack organic pollutants in 
wastewaters, decomposing them into stable inorganic compounds such as carbon dioxide, 
salts, and water (Bauer et al., 1997). The advanced oxidation process is an alternative 
treatment method to the conventional treatment technique.
The conventional treatment technique is based on the physicochemical and mechanical 
methods which involves combination of coagulation, filtration, sedimentation, and 
disinfection of the wastewater. The biological treatment method can further be employed in 
the integrated activated sludge treatment units. These processes are applied to remove solids, 
organic matter, and microbial contaminants from wastewater (Langlais et al., 1991; 
Mallevialle et al., 1996).
The conventional treatment methods have been reported to be effective in the treatment of 
wastewaters that possess a high biochemical oxygen demand (BOD) to chemical oxygen 
demand (COD) ratio. Their major drawbacks are their ineffectiveness in treating highly 
contaminated wastewater with higher values of COD than BOD (Morais & Zamora, 2005; 
Martinez et al, 2003).
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Biochemical oxygen demand and chemical oxygen demand are used to measure the amount 
of organic compounds in water. They represent the amount of oxygen needed to break down 
or oxidize the organic matter present in the water to carbon dioxide and water. BOD and 
COD differ from each other. BOD involves the use of microorganisms or bacteria in the 
degradation of organic matter. It is a measure of the amount of oxygen required by the 
microbes. The method relies on enzymes produced by bacteria to catalyze the oxidation of 
organic matter during an incubation period of five days (Abdulla et al., 2012; AL -  Husony 
et al., 2 0 1 1 ).
COD, on the other hand, involves the application of chemical oxidants for degrading both 
organic and inorganic matter in the wastewater. It is a measure of the amount of total oxygen 
required to oxidize pollutants into carbon dioxide and water. COD measurement can be done 
within a few hours (about 2 hours) whereas BOD measurements take up to five days (Penn et 
al., 2009; AL -  Husony et al., 2011).
AOPs, as defined by Glaze et al., (1989), involve the use of ozone (O3), hydrogen peroxide 
(H2O2), UV radiation, electron-beam irradiation, ultrasound, and specific catalysts to 
generate and use the free hydroxyl radical (OH) as a strong oxidant to break down 
compounds that are not easily oxidized by conventional mechanisms (Al-kdasi et al., 2004; 
Diya’uddeen, 2011). AOP is applied to wastewater treatment with the aim of reducing 
chemical contamination and toxicity levels thus allow in the recycling of the clean 
wastewater.
AOPs are applied in treating wastewater from heavy industries such as petrochemical and 
plastics, pulp and paper, textile and dyes, chemical, oil refining, metal and metal plating, 
food processing, and pharmaceutical (US Peroxide, 2014).
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2.3.1 Hydroxyl Radical and Its Reaction
The Hydroxyl radical (OH ) is an extraordinarily reactive chemical species. It is a strong and 
nonspecific oxidant that reacts with organic substances as well as biological molecules. 
Hydroxyl radicals and superoxide radicals (O2' ) are two major reactive species of living 
organisms that are formed continuously in the reduction process of oxygen in water 
(Lipinski, 2011).
In the Haber-Weiss process, hydroxyl radicals are formed in the second step through the 
reaction of hydrogen peroxide and iron ions (Fenton’s reaction). The first step involves the 
reduction of ferric ion into ferrous ion (Lipinski, 2011).
Fe3+ + 0 2" —► Fe2+ + 0 2 (19)
Fe2+ + H20 2 -+ Fe3+ + OH- + OH (20)
The net reaction is given as
0 2" + H20 2 -♦ OH + OH' + 0 2 (21)
The hydroxyl radical is a biologically active free radical generated in vivo under hypoxic 
condition or in vitro under reducing conditions in the presence of ascorbic acid and iron ions. 
The oxidative destruction in vivo is ascribed to the one-electron reduction of hydrogen 
peroxide by iron (II) as shown in equation 20. An intriguing discovery which is considered a 
special case of Fenton’s reaction is the generation of hydroxyl radical catalyzed by ferric 
ions without the addition o f another redox agent. The reaction involves the transfer of an 
electron from the hydroxyl group to the ferric ion, resulting in the formation of iron (II) and 
hydroxyl radical (Lipinski, 2011).
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Fe3+ + OH' -* Fe2+ + OH' (22)
Reaction of OH'
The hydroxyl radical reacts with volatile organic compounds to produce water and an alkyl 
radical (23). The alkyl radical then reacts with oxygen to produce a peroxyl radical (24).
OH + RH —* H20  + R' (23)
R' + 0 2 -^ R 0 2' (24)
The hydroxyl radical can undergo four reaction mechanisms: addition reaction, hydrogen 
abstraction, electron transfer, and radical interaction. In the addition reaction, the hydroxyl 
radical is added to an unsaturated compound to form a free radical product as described in 
equation (25). It abstracts hydrogen from the organic compound resulting in the formation of 
a free organic radical and water (equation 26). The relative amount of addition or hydrogen 
abstraction reaction predominate in the Fenton’s process can be adjusted through changing 
the conditions necessary for the operation such as pH, the concentration of the iron salt, and 
the concentration of the hydrogen peroxide.
OH + C6H6 — (OH)C6H6 * (25)
OH + CH3OH H20  + CH2OH' (26)
2.3.2 ADVANTAGES AND DISADVANTAGES OF THE AOPS
Advantages of AOPs over the biological or physical treatment include the generation of the 
free hydroxyl radical and a high degree of flexibility as they can be used individually or 
combined depending on the problem to be solved. Some researchers have shown that the
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combination of OzfHzOz, H2O2/UV or O3/UV is an effective method for the oxidation of 
dyeing and textile wastewater (Crittenden et al., 1999; Munter, 2001). Others have 
researched the effectiveness of Fenton and photo Fenton processes (Fe /H2O2 and 
UV/Fe2+/H20 2 , respectively) in refineries and pulp mill wastewater treatment (Tony et al., 
2012; Perez et al., 2002). Another advantage of the AOPs is its applicability under mild 
conditions (room temperature and ambient atmospheric pressure). They are also used in 
cleaning up biologically toxic, refractory or non-biodegradable materials such as volatile 
organic compounds, petroleum constituents, aromatic, and pesticides in wastewaters. AOPs 
result in a complete oxidization of the organic materials to carbon dioxide and water (Brillas 
et al., 1998). The process produces little or no sludge which is a secondary waste and it has 
the ability of handling fluctuating flow rates and composition. It does not require a biological 
process and does not require long processing time as typically required by the biological 
treatment method (Neyens & Baeyens, 2003; Tony et al., 2012). AOPs do not introduce any 
hazardous substance into the water because the complete reduction product of the hydroxyl 
radical, OH’, is water.
Though AOPs have variety of advantages as treatment technique, they also have some 
drawbacks which include high cost for most applications like the Ti0 2  photocatalysis in 
which the catalyst used (Ti0 2 ) is expensive. Furthermore the application of ozone requires 
the production of the ozone gas on-site this also can be considered expensive. AOPs tend to 
involve complex chemistry which must be tailored to specific applications and most of the 
applications require quenching of excess hydrogen peroxide, such as in the Fenton and photo 
Fenton processes (Barbusinski, 2005; Martinez et al., 2003).
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2.4 FENTON’S OXIDATION PROCESS
The Fenton’s oxidation process is an advanced oxidation process. It is an iron-catalyzed 
hydrogen peroxide process that involves the reaction of ferrous or ferric ions with hydrogen 
peroxide under acidic conditions to generate hydroxyl radicals in solution. The iron salt used 
(either ferrous or ferric) in the Fenton’s process is not significant but a major disadvantage of 
using ferric chloride salt is that it could result in the generation of chlorine at high rates of 
application (US Peroxide, 2014). Fenton’s reagent has been researched and used either alone 
or in combination with other treatment processes as a chemical treatment method for a wide 
range of wastewaters. These include the pre-treatment of olive mill wastewaters (Lucas & 
Peres, 2009), pre-oxidation and coagulation of textile wastewaters (Kang et al, 2002; Lin & 
Lo, 1997), treatment of mixed chemical and pharmaceutical wastewaters (Benalti & Tavares, 
2012; Martinez et al., 2003), degradation of diisopropanolamine (Khamaruddin et al., 2011), 
oil refinery wastewater treatment (Tony et al., 2012; Zang & Yang, 2011). In addition, 
Fenton’s process has been applied to treatment of toxicity in industrial wastewaters 
(Barbusinski, 2005), pre-oxidation of extremely polluted industrial wastewaters (Mart'mez 
et al., 2003), treatment of petroleum extraction wastewaters (Rocha et al, 2013), treatment of 
landfill leachate (Deng & Englehardt, 2006; Zhang et al., 2005) and treatment o f dye 
wastewater (Wang et al., 2008; Gulkaya et al., 2006). In combination with biological 
process, Fenton’s reagent has been researched to be effective as a pre-treatment process to 
enhance biodegradability of recalcitrant compounds and reduce toxicity (Mandal et al., 2010; 
Padoley et al., 2011). It is also used as a post treatment technique for improving the 
efficiency of wastewater treatment (Ben et al., 2009).
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Fenton’s reaction was discovered by Fenton in 1894 when in a paper describing the 
oxidation of tartaric acid to di-hydroxyl maleic acid using ferrous sulfate and hydrogen 
peroxide (Wardman & Candeias, 1996). Fenton in his paper, according to the report given by 
Wardman & Candeias (1996), demonstrated that the oxidant used in the reaction may not 
only be hydrogen peroxide but other oxidants such as chlorine water, caustic potash or soda 
may be used in place of hydrogen peroxide. He also stated that for the effectiveness o f the 
process a reduced form of the heavy metal at a lower concentration is needed. Such metals 
include iron (which is used in the Fenton’s process), titanium (III), copper, chromium (II), 
and cobalt (II). These metals have oxygen transfer properties which reduce hydrogen 
peroxide to produce the reactive hydroxyl radical or similar powerful oxidants. Another 
characteristic feature of the Fenton chemistry is that a higher oxidation state of iron may be 
involved as an intermediate. In acidic pH medium, Fenton’s reaction produces the hydroxyl 
radical and the ferric ion intermediate as shown in equation (27). The process is divided into 
two stages, the first being an oxidation stage that can be achieved in the acidic pH range of 3 
-  5, while the second stage is a coagulation process at a higher pH of 7 - 8  (Wardman & 
Candeias, 1996; Fenton, 1894).
Fe2+ + H20 2 -*  Fe3+ + 'OH + OH' (27)
Haber, Weiss and Willsitter (1934) proposed the involvement of hydroxyl radicals in the 
catalytic decomposition of hydrogen peroxide by iron salt some years after Fenton death in 
1929. The catalytic degradation is proposed to occur by a chain and radical reaction 
involving the hydroxyl (’OH) and hydroperoxyl radicals (H02‘), along with the peroxide 
anion (H02‘). The proposed reaction proceeds from reaction (27) described by Fenton 
(Haber & Weiss, 1934).
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‘OH + H20 2 -» H 02‘ + H20  (28)
H 02‘ + H20 2 -► 0 2 + H20  + OH* (29)
OH* + Fe2+ Fe3+ + OH' (30)
Equation (27) is considered as the chain initiation reaction. Reaction of the iron salt with 
hydrogen peroxide is referred to as Fenton’s chemistry and the mixture is termed Fenton’s 
reagent. Equation (28) and (29) are the radical reactions proposed by Haber and Willsiter. 
Equation (30) describes the process by which the chains are broken (Haber & Weiss, 1934). 
The ferric ion (Fe ) produced in the Fenton’s initial reaction shown above can react with 
hydrogen peroxide and the hydroperoxyl radical, resulting in the production of ferrous ion 
Fe2+ as given in reaction (31) and (32) (Vandevivere et al., 1998; US Peroxide, 2014).
Fe3+ + H20 2 -► Fe2+ + H 02* + H+ (31)
Fe3+ + H 02* -> Fe2+ + 0 2* + H+ (32)
2.4.1 OPERATING PARAMETERS
The efficiency of Fenton’s process is affected by several variables as is typical with most 
processing techniques. These variables are optimized for different wastewater treatment 
which include pH, temperature, reaction time, concentration of ferrous iron and 
concentration of hydrogen peroxide (Kang & Hwang, 2000; Benitez et al., 2001; 
Barbusinski, 2005; Khamaruddin, 2011).
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2.4.1.1 Effect o f pH
pH is an important parameter that affects system efficiency. The oxidizing potential of the 
hydroxyl radical is pH-dependent and is effective in acidic pH range. Studies indicate that 
the degradation of pollutants is significantly affected by the operating pH (Kang & Hwang, 
2000; Benitez et al., 2001). It has likewise been reported that the optimal pH occurs between 
the ranges of 2 and 5 (Lin & Lo, 1997; Kang et al., 2002; Khamaruddin, 2011). Reactions 
with pH less than 2 have been observed to be slow as a result of the formation of complex 
iron species and oxonium ion [H30 2 ]+ which is attributed to the transition of iron from the 
hydrated form to a colloidal ferric species. pH values above 6  could cause iron to precipitate 
as iron (III) hydroxide, Fe(OH)3> and also catalytically decompose the hydrogen peroxide to 
oxygen (which can be hazardous) and water without forming hydroxyl radicals 
(Khamaruddin, 2011; US Peroxide, 2014). In the Fenton’s reaction, there is a shift in pH 
from the initial pH of the wastewater to a lower pH. This mainly occurs when the initial pH 
is between 5 and 6 . The reduction in pH is caused by the materials that make up Fenton’s 
reagent, i.e, ferrous sulfate and hydrogen peroxide. Ferrous sulfate contains some sulfuric 
acid H2SO4, thus, on addition of this iron catalyst the pH is reduced. Drop in pH can also be 
attributed to the fragmentation of the organic material into organic acid (Gogate & Pandit, 
2004; Neyens & Baeyens, 2003; US Peroxide, 2014).
2.4.1.2 Effect o f  Temperature
Temperature is considered to be a factor that affects Fenton’s oxidation. Reaction rates tend 
to be experimentally related to temperature. This implies that an increase in temperature 
would lead to an increase in the rate of reaction. At a higher temperature, the efficiency of
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hydrogen peroxide utilization is reduced as a result of the accelerated decomposition of 
hydrogen peroxide. Optimal temperature from previous studies is shown to be between the 
ranges o f 20 and 60°C (Wu et al., 2010; Khamaruddin, 2011).
Mart'inez et al., (2003) suggested that temperature should not be considered a major 
operating parameter in the optimization of Fenton’s process for the treatment of 
pharmaceutical wastewaters. This is because the authors observed from their research that 
temperature only showed a mild positive effect on the COD removal.
Other researchers (Khamaruddin et al., 2011; Tony et al., 2012), do not consider temperature 
a parameter to be optimized. According to Khamaruddin et al., (2011), the observed trend in 
research conducted was the higher the temperature, the greaterer the rate of degradation of 
diisopropanolamine (up to 100% degradation at 60°C)
2.4.1.3 Effect o f Iron Concentration and Iron salt
Iron is the catalysis for the production of hydroxyl radicals from hydrogen peroxide. 
Research conducted on the treatment of phenolic wastewater using only hydrogen peroxide 
suggested no evidence of hydroxyl radical because there was no reduction in the phenol 
level. The addition of iron in increasing concentrations, resulted in an increased removal 
efficiency of phenol until an optimal range was attained where further addition of iron 
becomes inefficient (US Peroxide, 2014). The optimal dosage range for iron catalyst is 
characteristic of Fenton’s reagent.
Iron dose can be expressed as a ratio to hydrogen peroxide dose. Typical ranges are 1 part 
iron per 5-25 parts hydrogen peroxide (wt/wt). Also, the iron catalyst doses vary between 
different wastewaters as various studies show different optimal treatment ranges for the 
concentration of iron salt. For example, Barbusinski (2005), reported an optimal treatment
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range for the concentration of ferrous ion (Fe2+) to hydrogen peroxide (H2O2) ratio 
[H2C>2/Fe2+] as 0.2 to 0.75 while investigating the toxicity of industrial wastewater. Martinez 
et al. (2003), in the treatment o f extremely polluted industrial wastewater used a ferrous ion 
concentration range of 0 to 0.6M. Tony et al. (2012), used a ferrous ion concentration range 
of 10 to 80 mg/L in their research. Basically, for the Fenton’s reaction to proceed regardless 
of the amount of organic material present in the waste stream, a minimal threshold 
concentration of iron about 3-15 mg/L is necessary (US Peroxide, 2014).
The type of iron salt used to catalyze the reaction (ferrous or ferric iron), is a question that 
could be raised among researchers. Khan et al., (2009), investigated the effect of iron type on 
Fenton’s reaction, and discovered that ferrous ion was more effective in the removal of 
hazardous organic compounds compared to ferric ion and elemental iron.
Ferric ions tend to have a stronger capability of charge neutralization than ferrous ions. Thus, 
ferric salt is more effective and widely used as a chemical coagulant (Laat & Gallard, 1999). 
When ferric ion is used in the Fenton’s process, it reacts with hydrogen peroxide to produce 
ferrous ion as seen in equation (31) above. The ferrous ion formed proceeds with the Fenton 
process to generate the hydroxyl radical (Laat & Gallard, 1999; US Peroxide, 2014).
2.4.1.4 Effect o f Hydrogen Peroxide Concentration
Hydrogen peroxide is generally known to be a strong oxidizing agent. It reacts vigorously 
with transition metals such as iron or copper which acts as catalyst. Increase in hydrogen 
peroxide concentration results in reduction of COD (US Peroxide, 2014). Different doses of 
hydrogen peroxide have been studied to determine the optimum removal of COD in 
wastewater (Barbusinski, 2005, Tony et al, 2012). Tony et al (2012) in their investigation on
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treatment of oil refinery wastewater using a Fenton oxidation process demonstrated that 
COD removal increases with increasing H2O2 concentration from 100 to 400mg/L while 
above 400mg/L a decrease in COD removal was observed.
Due to the indiscriminate nature by which hydroxyl radicals oxidize organic materials, it is 
important to optimize the reaction for each waste to be treated by carrying out preliminary 
experiments in the laboratory. For instance, in a typical application the following reaction 
will take place:
Substrate —► Oxidized intermediate —> CO2
In the pre-treatment o f complex organic wastewater, a build-up of undesirable intermediate 
may occur which requires sufficient hydrogen peroxide to enhance and cause the reaction to 
proceed. As the hydrogen peroxide dose is increased, it results in a steady reduction in COD 
with little or no change in toxicity until a threshold is attained, whereupon further addition of 
H2O2 results in a rapid decrease in wastewater toxicity (Barbusinski, 2005; US Peroxide, 
2014).
2.4.1.5 Effect o f Reaction Time
Time is essentially a significant factor in many operations. In the Fenton’s process, the 
reaction time may depend on variables such as temperature, pH, concentrations of the iron 
salt and hydrogen peroxide, and in most cases the strength of the wastewater. Studies 
indicate that for simple or less concentrated wastewaters, it takes about 30 to 60 minutes to 
complete the reaction; but for more complex and concentrated samples it requires longer 
operating time ranging from 30 min to 24 hrs. The presence of residual hydrogen peroxide in 
treated wastewater can pose interference with the analyses. In order to remove the residual
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hydrogen peroxide, there is a need to increase pH to a 7 to 10 range using sodium hydroxide, 
NaOH (US Peroxide, 2014). Rodrigues et al., 2008, reported that it takes a shorter reaction 
time (0.5hrs) for the mineralization of organic compounds. This is because ferrous ion reacts 
rapidly with hydrogen peroxide to produce large amounts of hydroxyl radicals. The hydroxyl 
radical then reacts rapidly with the organic compounds (Rodrigues et al., 2008; Ramirez et 
al., 2005). The progression of the reaction relating to time can also be assessed by color 
change. Research shows that on addition of hydrogen peroxide, wastewater darkens and 
thereafter clears out, when the reaction is getting to completion; it clears up (US Peroxide, 
2014).
2.4.2 ADVANTAGES AND DISADVANTAGES OF FENTON’S OXIDATION 
PROCESS
2.4.2.1 Advantages o f Fenton’s oxidation process over other AOPs
The Fenton’s process has a short reaction time. In the oxidative mineralization of petroleum 
refinery effluent, Hassan et al., (2012), recorded a 98% removal of COD in 30mins. The 
major materials for the Fenton’s process, iron salt and hydrogen peroxide are inexpensive 
and highly efficient. These materials are environmentally friendly. They are non-toxic and 
requires less energy because the catalyst and the overall process are easily run and controlled 
when compared to the electrochemical coagulation process which consumes energy (Ibrahim 
et al., 2013). Fenton’s process can be applied to achieve both oxidation and coagulation 
(Kang & Hwang, 2000). Hydrogen peroxide is a stronger oxidizer compared to the oxygen 
or ozone used in other operations. Its application is useful in treating wastewaters, sludge, 
and contaminated soil. The process results in complete mineralization and production of
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non-toxic by-products: water and carbon dioxide. The iron sludge produced at the end of the 
process can be recycled and reused. This can be done by raising pH, separating and re- 
acidifying the iron sludge (US Peroxide, 2014).
2.4.2.2 Disadvantages o f Fenton’s oxidation process
Though this process may have a variety of advantages, there are also some drawbacks which 
include the requirement of a pH lower than 6  unlike ozonation which is effective at a higher 
pH (>8 ). The Fenton’s process may be difficult to maintain in calcareous soils which is 
composed of calcium and magnesium carbonates (also referred to as lime-rich soil). These 
soils are alkaline in nature; thus, in treating them there will be a need for pH adjustment in 
the range suitable for the Fenton’s process, whereas application of ozone treatment can 
effectively function in such soil (Kishchuk, 2000; Munter, 2001). Furthermore, the Fenton’s 
process is known to result in the production of iron sludge (Fe(OH)3), that requires further 
separation and proper disposal, with the consequent increase in operating costs. In order to 
overcome this drawback, knowledge of the residue characteristics of the treatment process is 
important so as to design a successful waste management plan that may guarantee the 
viability of the applied treatment method for the wastewater treatment (US Peroxide, 2014; 
Benatti, 2012).
2.5 CONCLUSION
The application of Fenton’s reaction has been researched to be an effective treatment method 
for virtually all types of wastewaters generated from industries, and it is capable of 
destroying both organic and inorganic pollutants present in the waste stream. The application
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of Fenton’s reagent involves reaction modification of experimental conditions which has to 
be optimized in order to achieve an effective and high performance yield.
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CHAPTER 3
OPTIMIZATION OF FENTON OXIDATION OPERATING PARAMETERS FOR 
COD REMOVAL
Abstract
Optimization of various operating parameters of Fenton’s process has been conducted using 
wastewater obtained from the bio-basin inlet point of the Prince George pulp and paper mill. 
In this chapter, the effect of Fenton’s oxidation on COD removal was investigated and the 
result indicated an effective role for Fenton’s reagent in COD removal. The process 
parameters which include temperature, pH, concentrations of iron catalyst (Fe ), and H2O2 
dosage have been optimized for obtaining maximum COD reduction. The optimal pH range 
was recorded to be between 2.5 and 4. The optimum temperature was achieved at 40°C and 
optimum concentrations of H2O2 and Fe2+ were obtained at 1.0M and 0.1M respectively. At 
the optimized values, an 87% reduction in COD was obtained in 40 minutes reaction time.
Keywords: Fenton’s process, pH, Temperature, H2O2, Ferrous ion concentration, COD 
removal.
35
3.0 INTRODUCTION
Fenton’s reaction as discussed in previous chapter is one of the advanced oxidation 
techniques characterized by the production of highly reactive and non-selective oxidants 
(hydroxyl radicals, OH ) for the degradation of organic pollutants in wastewater.
Fenton’s oxidation involves the reaction of organic matter with hydrogen peroxide in the 
presence of an iron catalyst resulting in conversion of the pollutants into less toxic materials. 
The reaction involved in the Fenton’s process results from the OH- generated in an acidic 
medium and the regeneration of the iron catalyst according to the following reaction 
(Vendevivere et al., 1998; Kang & Hwang, 2000; Schrank et al., 2005, Neyens & Baeyens, 
2003)
Fe2+ + H20 2 -> Fe3+ + OH' + 'OH (1)
Fe3+ + H20 2 Fe2+ + -OOH + H+ (2)
Fe3+ + H 02' 0 2 + Fe2+ + H+ (3)
Reaction (1) describes the initiation and catalyzed decomposition of hydrogen peroxide, 
yielding hydroxyl radical. However, the Fe3+ formed can react with hydrogen peroxide 
(equation 2) and hydroperoxyl radical (H02 ) (equation 3) in a process referred to as Fenton­
like process resulting in the regeneration of Fe2+( Vendevivere et al., 1998). According to 
equation (4), the organic waste material (RH) present in the system is oxidized by the 
generated -OH to produce organic radicals (R ) which can further be oxidized by Fe3+ or 
reduced by Fe2+ (equations 5 and 6 ) (Tang & Tassos, 1997; Neyens & Beyens, 2003). As 
also illustrated in equation (5), regeneration of Fe2+ is possible by the reaction of Fe3+ with 
the organic radical intermediate.
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•0H+ RH -»  HaO + R- (4)
r .  + pe3+ -+ R+ + Fe2+ (5)
r .  +  F e 2 +  _ >  r  +  F e 3 +  ( 6 )
R+ + H20  — ROH + H+ (7)
Hydroxyl radical may be scavenged by reaction with excess Fe2+ or H20 2 [equations (8 ) and 
(9)]. Reaction (8 ) is referred to as a chain termination stage with reaction (1) as the initiation 
step (Neyens & Beyens, 2003).
OH+ Fe2+ -> Fe3+ + OH' (8 )
OH + H20 2 —* H 0 2 + H20  (9)
Furthermore, reactions (1), (4), (5), and (8 ) constitute the generally accepted scheme for the 
Fenton’s reaction (Neyens & Beyens, 2003).
The Fenton’s oxidation process is believed to be dependent on factors such as reagent 
concentrations [H20 2] and [Fe2+], and reaction characteristics such as temperature, pH, and 
quantity of the organic and inorganic components (Neyens & Baeyens, 2003). These factors 
determine the overall efficiency of the process. The operating pH, for example has been 
noted to significantly affect the rate of degradation of pollutants (Lin & Lo, 1997; Kang & 
Hwang, 2000; Benitez et al., 2001).
However, the need to investigate and understand the best operating condition with regards to 
production and consumption of hydroxyl radical for the degradation of organic matter is 
necessary. Hence, the objective of the present study is to investigate the best operating 
experimental operating condition of the various parameters o f Fenton’s process that will 
maximize COD removal in pulp mill wastewater.
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3.1 MATERIALS AND METHODS
3.1.1 Wastewater and Initial Characterization
Industrial wastewater was obtained from the Prince George pulp and paper mill, a sub­
division of Canfor Pulp Products Inc. Samples were collected from the bio-basin inlet 
(PGBI) point characterized by the presence of chlorinated organics such as Adsorbable 
Organic Halides (AOX) obtained from the bleaching process, as well as some lost liquor 
from the chemical containment basin. The wastewater had a light brownish color. The 
wastewater sample had a chemical oxygen demand (COD) value of 334 ± 10 mg/L, a 
biological oxygen demand (BOD) of 232mg/L, and a high amount of suspended solid (TSS) 
at 6 8  mg/L. The BOD/COD ratio was 0.7 indicating high biodegradability of the organic 
compounds present in the wastewater. The significance of the BOD / COD ratio in 
wastewater treatment is that it acts as an indicator for the biodegradation of organic 
substances (Lee & Nikraz, 2014). BOD/COD ratio provides an approximate index of the 
proportion of biological degradable organic matter to total organic matter. A high the 
BOD/COD ratio implies that organic content in the waste stream is easily biodegradable 
while a low ratio indicates non-biodegradability (Oiler et al., 2011; Lee & Nikraz, 2014).
Initial characteristics of the pulp mill wastewater used in the study are shown in Table 3.1. 
Data for biological oxygen demand was obtained from the pulp mill data sheet.
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Table 3.1. Characteristics of the Pulp Mill Wastewaters from the Bio-basin Inlet (PGBI) 
studied in the Fenton’s Oxidation Process.
Parameters Units Values
pH Dimensionless 7.34 ± 0.2
COD mg/L 334 ± 10
BOD (source: Prince George pulp and paper mill) mg/L 232
BOD/COD ratio 0.7
TSS mg/L 6 8
3.1.2 Reagents
Reagent used for this study include ferrous sulfate heptahydrate (FeS0 4 .7 H2 0 , Fisher 
scientific), hydrogen peroxide (30%, by weight, Fisher scientific), concentrated sulfuric acid, 
sodium hydroxide, mercury sulfate (Acros organics), distilled water, potassium dichromate 
(Fisher scientific) and other chemicals. The purity of all chemicals used is about 98%.
3.1.3 Fenton’s reaction
The pulp mill wastewater sample was first subjected to the physical separation process of 
filtration to remove solids using a glass funnel and filtering paper (Whatman filter paper, No 
4). The Fenton oxidation process was conducted in a batch glass reactor by putting a 100ml 
wastewater sample in a 400 ml beaker and adjusting pH with sulfuric acid or sodium 
hydroxide to the desired values. A schematic of the experimental setup used in this process is 
shown in Figure 3.1.
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The desired concentrations of ferrous and H2O2 were added to the wastewater sample to start 
the Fenton’s reaction. The aqueous solution of Fenton’s reagent and wastewater was 
subjected to constant stirring using a magnetic stir plate and a magnetic bar at the required 
temperature and for the pre-determined reaction time. At the end of the reaction period, 
samples were withdrawn for analysis.
The withdrawn samples were diluted with distilled water and the pH raised to above 8  with 
1M NaOH to stop the oxidation reaction and precipitation. To prevent any interference of 
residual H2O2, the diluted solution with raised pH was heated for about lOmin, and allowed 
to cool for another 20min. The solution was filtered to remove the ferric hydroxide formed. 
Chemical oxygen demand (COD) analysis was carried out on the resulting solution.
Thermometer
Wastewater sample
Beaker
Magnetic bar
Magnetic stirrer / hot plate
Figure 3.1. Schematic diagram of the experimental set up.
Experiments were performed to get an optimum experimental condition for maximum 
degradation of organic matter by Fenton’s reagent. Optimization of factors influencing the 
Fenton’s process on COD reduction were performed with varying amounts of pH (2-6), 
FeS0 4  (0.02M -  0.5M), H2O2 (0.5M -  6 M), temperature (30°C -  50°C), and reaction time
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(20min -  140mins). The range of values was chosen based on previously reported values in 
literature.
3.1.4 A nalytical Procedure
Analysis was conducted for both untreated and treated effluent. For the untreated wastewater 
samples, the following parameters were analyzed. The total suspended solid (TSS) was 
determined in accordance with standard procedures at 105°C using 200 mL of sample 
filtered through a pre-weighed filter paper under slight suction and oven dried at the above 
temperature for about 1 hour (APHA, 2005). The increase in weight of the filter paper is 
used to determine the amount of suspended solid.
Chemical oxygen demand (COD) was determined by the close colorimetric method (APHA, 
2005) using dichromate solution as the oxidant in acidic medium (sulfuric acid reagent) in a 
digestion reactor at 150°C for 2 hours and an automatic COD analyzer (AQUAfast II Orion 
AQ 2040 COD reader). Wastewater sample was filtered and 2.5 mL was placed in a HACH 
COD digestion vial, followed by a potassium dichromate solution (1.5 mL) and sulfuric acid 
reagent (3.5 mL). The sample was subsequently digested in the COD reactor. Thereafter it 
was allowed to cool for about 40min and measured by the COD reader.
The pH was determined with an Orion 3 star pH meter using a three-point buffer solution 
(pH 4, 7 and 10) for calibration. For the treated sample, analysis was conducted for COD as 
described above.
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3.2 RESULTS AND DISCUSSION
3.2.1 Effect o f pH  on COD Reduction by Fenton’s Reagent
Studies have shown that pH is an important parameter that significantly affects the efficiency 
of waste degradation (Kang & Hwang, 2000; Benitez et al., 2001). In the present study, a 
series of experiments were conducted in the pH range of 2 to 6  to study the effect of pH on 
the efficiencies of COD removal by Fenton’s oxidation as shown in Figure 3.2. The
‘y i
concentrations of H2O2 and Fe were kept constant at 1M and 0.2M respectively. 
Temperature and the reaction time were 40°C and 40min respectively all through the 
variable pH experiment.
*  pH values
Figure 3.2. Effect of pH on COD removal efficiencies during Fenton’s process using PGBI 
wastewater. [H20 2 = 1M, Fe2+ = 0.2M, Time = 40min, Temperature = 40°C]
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The optimal pH for this process is considered to be in the range 2.5 to 4 which is in 
accordance with other reports by Kang & Hwang, (2000), and Tony et al., (2012). In this 
study, a maximum COD reduction was achieved at pH 3.5 with an approximate COD 
removal o f 8 8 %. It was observed that as the pH values increased from 4 towards alkalinity, 
the degradation efficiencies decreased. This may be as a result of the precipitation of the iron 
species as ferric hydroxide (Fe(OH)j) leading to a reduced rate or absence of hydroxyl 
radical (OH) production because at higher pH, H2O2 is catalytically decomposed into water 
and oxygen (Oliveira et al., 2006; Khamaruddin, 2011; US Peroxide, 2014).
The results also indicate that for pH values less than 2.5, the removal efficiency also 
decreased. This could be as a result of the formation of complex iron species {Fe(H2 0 )e}2+, 
which reacts more slowly with peroxides compared to {Fe(0 H)(H2 0 )5}2+. In addition, an 
oxonium ion [H3 0 2 ]+ is formed as a result of the solvation of the peroxide in the presence of 
high concentration of H+ ion. The oxonium ion makes the peroxide electrophilic which 
enhance its stability but substantially reduces its reactivity with Fe2+ (Mandal et al, 2010; US 
Peroxide, 2014). Thus, the optimum pH value is considered to be 3.5, and this value was 
used in subsequent experiments.
3.2.2 Effect o f Temperature
Using the optimized pH value of 3.5, an optimum temperature required for the Fenton’s 
oxidation process was determined, while keeping concentrations of H2O2 and FeS0 4  
constant at 1M and 0.2M respectively. In determining the optimal temperature, a set of 
experiment was conducted using three different temperatures 30, 40 and 50°C. Results 
obtained from the experimental process are presented in Figure 3.3. As illustrated in Figure 
3.3, maximum degradation of organics was obtained at 40°C with about 90% removal
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efficiency. This shows that the Fenton’s process is a promising option for the treatment of 
pulp and paper mill wastewater as it requires low heat.
Increase in temperature from 30 to 40°C provided a positive effect on the degradation 
efficiency. Some reports suggest that temperature should not be considered a major 
operating parameter because temperature showed only a mild positive effect on COD 
removal (Martinez et al., 2003).
100-1
10 min 2 0  min 4 0  min 60  min
Figure 3.3 Effect of temperature on the COD removal efficiency during Fenton’s process 
using PGBI wastewater. [pH = 3.5, H2O2 = 1M, Fe2+ = 0.2M, Time = 40min]
Khamaruddin et al., (2011) reported that increasing the temperature resulted in increased rate 
o f degradation, up to 100% degradation at 60°C. These reports are contrary to that obtained 
in the present work. Increasing the temperature from 40 to 50°C decreased the efficiency of
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COD removal, which may be due to accelerated decomposition of H2O2 or increased ferrous 
ion which scavenge OH radicals during the process (Benitez et al., 2001).
The experimental results indicate an optimum temperature of 40°C. These results are in 
accordance with a previous study by Meric et al., (2004) who obtained an optimum 
temperature of 40°C in the treatment of wastewater containing reactive black 5 (RB5). 
Temperature should be considered a factor that affects Fenton’s oxidation and consequently 
optimized in the treatment o f industrial wastewater type.
For the optimization of the remaining parameters H2O2, ferrous, and reaction time, a new 
sample was collected from the same source and characterized before conducting the 
experiments. The COD value of the new sample was 337 ± 5 mg/L which was in the same 
range with the first sample used. The pH of the new sample was however, 3.72 ± 0.5 making 
it more acidic than the first sample collected (pH 7.34). The increased acidity is likely to be a 
result of pH adjustment using acid or base in order to keep the end point pH neutral. 
Therefore, more acid might have been added up in the process prior to sample collection.
A repeat of pH optimization was conducted and an optimum of 3.5 was also obtained. 
Hence, the optimization of the remaining experimental conditions was carried out.
3.2.3 Effect o f H2O2 Concentration
To investigate the role of H2O2 concentration in the removal efficiency of pollutants in the 
wastewater stream by Fenton’s process, experiments were carried out using different 
concentrations of H2O2 in the range of 0.1 M to 6 M. The optimized values for pH 3.5 and 
temperature 40°C were used in a 40min reaction time with a constant Fe2+ concentration of 
0.2M.
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Figure 3.4. Effect of hydrogen peroxide concentration on PGBI wastewater treatment. [pH = 
3.5, Fe2+ = 0.2M, temperature = 40°C, time = 40min].
Results, as shown in Figure 3.4, illustrate an increase in COD removal with increased 
concentration of H2O2 from 0.1M to 1M and a decrease thereafter. This trend is similar to 
those reported by Kang & Hwang, (2000); Mandal et al., (2010); and Tony et al., (2012).
The increase in COD removal as a result o f increased H2O2 concentration may be due to the 
increased production of OH radicals from the reaction of H2O2 with more ferrous. This effect 
clearly explains that H2O2 concentration is a factor that significantly affects the reaction 
process. However, the decrease observed in pollutant degradation above 1M of H2O2 
concentration is considered to be as a result of the scavenging effect of excess H2O2 reacting
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with OH radicals as indicated by reactions (9) and (10). Scavenging free radicals results in 
reduced efficiency for the treatment (Lucas & Peres, 2006; Ebraheim et al., 2013)
OH ' + H20 2 -► H20+  H 02' (9)
H 0 2' +  HO ‘ H20  +  0 2 (10)
Hence, H20 2 should be added at an optimum concentration to achieve the best reduction. In 
the present study, the optimum H20 2 concentration results in a 84% COD removal at 1. This 
concentration was used in subsequent experiments.
3.2.4 Effect o f Fe 2+ Concentration
<> i
The effect of Fe which acts as the catalyst in the Fenton’s process was studied on the 
removal efficiencies of pollutants from the pulp mill wastewater. The investigation was 
carried out with various concentrations of FeS0 4  in the range of 0.02M to 0.5M, the 
concentration of H20 2j pH, and temperature were kept at the optimal values 1M, 3.5, and 
40°C respectively.
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Figure 3.5. Effect of ferrous concentration on COD removal during Fenton’s process. [pH = 
3.5, H2O2 = 1M, temperature = 40°C, time = 40min].
From the result (Figure 3.5), maximum reduction of pollutant was obtained at 1M with 8 6 % 
removal efficiency. Increase in the ferrous concentration causes generation of more hydroxyl 
radical, thereby accelerating the rate of reaction from 0.02M to 1M.
The addition of Fe concentration above the optimal value significantly reduced the removal 
efficiency of COD indicating that the generation of OH radicals is hindered by excess Fe2+ 
concentration leading to reduced waste degradation. In addition, Fe3+ formed in the process 
can react with H2O2 to produce Fe2+ and hydroperoxyl radicals [HO2 ] (reaction 1 and 2) 
which can affect the COD reduction efficiency because the oxidation capacity of HO2’ 
compared to OH is less (Kositzi et al., (2004), Mandal et al., (2010); Tony et al., (2012)). 
Reaction (1) which is the first step in the Fenton’s process it is referred to as the chain
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initiation stage where both reactants react to generate the reactive hydroxyl radical. The 
optimum Fe2+ concentration in the study is taken to be 0.1 M with 8 6 % COD removal.
3.2.5 Effect o f Reaction Time
Effect of reaction time on Fenton’s process of wastewater treatment, was conducted using 
optimized values of pH (3.5), temperature (40°C), and concentrations of Fe2+ (0.1M) and 
H2O2 (1M). The experiment was conducted over a period of 160min along which samples 
were withdrawn at different intervals of 20, 40, 60, 80, 100, 120, 140 and 160 minutes. As 
illustrated in Figure 3.6, a maximum COD removal was attained at about 120min with 89% 
removal efficiency after which the removal efficiency decreased and remained 
approximately constant.
From the results, it was observed that at 40min reaction time, there was about 86.9% COD 
removal which does not show a notable difference when compared to 89% at 120min. This 
may explain the fact that the degradation of organic compounds proceed at a fast rate with 
short reaction time as a result of the rapid reaction between ferrous ion and H2O2 to generate 
large amounts of the highly reactive hydroxyl radicals which influence the reaction kinetics. 
Rodrigues et al., (2008) reported a similar result indicating that it takes 0.5 hours for the 
mineralization of organic compounds, but recorded an optimum COD removal of 69.9% 
after 3 hours o f the reaction process. Tony et al., (2012) and Ebrahiem et al., (2013) reported 
an optimum time of 80min and 40min respectively.
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Figure 3.6. Effect of reaction time on COD removal during Fenton’s process [pH = 3.5, 
H2O2 = 1M, Fe2+ = 0.1M, temperature = 40°C].
Furthermore, the rate of COD removal reduces above the optimum value as a result of the 
consumption of hydrogen peroxide which is the source for the production of hydroxyl 
radical. Furthermore, the production of HO2’ and regeneration of Fe2+ from the reaction of 
ferric ions and H2O2 (reaction 2) is believed to be a slow reaction (Ramirez et al., 2005). 
Thus, the decrease in COD removal can be attributed to the fact that ferrous ion is consumed 
quickly, but slowly reproduced. Consequently, a large amount of Fe and H2O2 are required 
for the production of hydroxyl radicals for increased oxidation of organic pollutants in 
wastewaters.
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3.3 CONCLUSION
The study demonstrates that Fenton’s oxidation process is dependent on pH, temperature, 
and the relative concentrations of the Fenton’s reagent for COD removal. The range of 
values employed for the various parameters was pH = 2.0 to 6.0, temperature = 30°C to 
50°C, H2O2 concentration = 0.1M to 6 M, FeS0 4 .7 H2 0  concentration = 0.02M to 0.5M, and 
reaction time 20 to 120min. A maximum COD reduction was obtained at pH 3.5, 
temperature 40°C, and concentrations of H2O2 and ferrous at 1M and 0.1M respectively.
“7+Based on the results of ferrous and H2O2 concentrations, the optimum ratio of Fe : H2O2 is 
concluded to be 1:10. Approximately 87% COD removal efficiency was recorded during a 
reaction time of 40min., extending the reaction time to 120min, resulted in 89% removal. 
From this, it can be concluded that the reaction is relatively unaffected by slight variations in 
the parameters.
Furthermore, iron salt acting as a catalyst is not consumed as it is being regenerated at the 
end of the reaction chain. Hence, lower initial ferrous concentration would mean less amount 
of iron salt present in the final waste. This could be beneficial to the environment.
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CHAPTER 4
APPLICATION OF FENTON OXIDATION IN REMOVAL OF COD AND COLOR 
FROM PULP MILL EFFLUENTS
Abstract
The removal of organic pollutants and color in pulp mill wastewaters was studied using the 
Fenton’s oxidation process. Six different wastewater types were obtained from the three 
mills operated by Canfor Pulp Products Inc., Canada. Points of the collection include the 
inlet and outlet point o f the biological treatment unit, clarifier outlet unit, and the bleach 
plant effluent unit. Initial characterization of samples show a high concentration of COD, 
color and low biodegradability (BOD: COD) values. The Fenton’s oxidation of the samples 
was conducted using the optimized values of the process variables (pH = 3.5, H2O2 = 1M, 
Fe2+ = 0.1M, temperature = 40°C) for a 40min time period. Results obtained demonstrated a 
high COD removal efficiency over 80%, as well as color removal. Results also indicate that 
the Fenton’s process is effective both as a pre-treatment (86.9% COD removal) and post­
treatment step (91% COD removal).
Key words: Fenton oxidation process, COD, color, pulp mill wastewaters
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4.0 INTRODUCTION
The primary aim for treating wastewater is to remove all oxygen demanding substances 
measured as BOD5, suspended solids, and others that could not be removed by the biological 
treatment classified as COD. Discharge of wastewater into receiving water bodies when not 
properly treated can result in dissolved oxygen depletion, and consequently lead to fish kills 
and reduced reproduction levels in the aquatic habitat (Bertanza et al., 2001; Kemker, 2013). 
Various treatment techniques are being examined to reduce the concentration of these 
substances to a minimal level before discharge. An attractive treatment technique for 
wastewaters containing pollutants that are resistant to biological process is an advanced 
chemical oxidation. There are many such processes including heterogeneous photocatalysis 
(Coelho et al., 2006; Santos et., 2006; Diya’uddeen et al. 2011), ozonation by itself and in 
combination with H2O2, UV, or both (Coelho et al., 2006), Fenton process (Perez et al., 
2002; Catalkaya & Kargi, 2006, Tony et al., 2012) and photo-Fenton reaction (Catalkaya & 
Kargi, 2006; Tony et al., 2012; Ebrahiem et al., 2013). Although chemical oxidation 
processes are believed to be expensive because they consume energy (ozone, radiation) and 
chemical reagents, they all result in complete mineralization of contaminants into less 
harmful products (Munoz et al., 2005).
However, not all chemical oxidation processes are energy intensive such as the Fenton 
process, which only make use of cheap and easy to handle reagents (H2O2 and ferrous or 
ferric salt). Application of Fenton’s reagent (Fe2+/H2C>2) has been reported in literature to be 
useful in removing various wastewater constituents such as pesticides (Barbusinski & 
Filipek, 2001), natural organic matter (NOM) from drinking water (Murry & Parson, 2004), 
and COD (Martinez et al., 2003; Tony et al, 2012, Meric et al., 2004; Mandal et al., 2010).
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Studies have reported that the advanced chemical oxidation process can be applied both as a 
pre-treatment and tertiary treatment. As a pre-treatment, it convert the initially persistent 
organics, such as chlorinated organic compounds, into more biodegradable intermediates 
which are then subjected to treatment by the biological process with a considerable lower 
cost (Kearney et al., 1988; Parra et al., 2000; Oiler et al., 2011).
Wastewaters from the pulp mill is not only characterized by the presence of toxic organic 
compounds but is also characterized by the presence of color which is attributed mainly to 
lignin and its derivatives. Discharge of colored water can significantly affect aquatic plant 
growth. This is because highly colored water can inhibit photosynthesis by limiting light 
penetration (USGS, 2014), hence, the need to properly treat wastewaters before disposal.
The application of Fenton’s oxidation has been reported to be effective in improving the 
color of wastewaters (Meric et al., 2004; Lucas et al., 2006; Catalkaya & Kargi, 2006). 
Meric et al., (2004) recorded about 99% color removal from synthetic wastewater using the 
Fenton’s oxidation process.
In the present study, Fenton’s reagent is used to treat wastewater from a pulp and paper mill. 
The aim is to determine its effectiveness in removing color and COD from the different 
wastewaters. Furthermore, this work investigates its application as a preliminary treatment 
before the biological process and as a tertiary treatment after the application of the biological 
process. For this study, the optimized values for pH, temperature, and concentrations of the 
Fenton’s reagent obtained from previous study were used.
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4.1 MATERIALS AND METHODS
4.1.1 Wastewaters
The Fenton’s oxidation of six wastewater samples collected from the three mills operated by 
the Canfor pulp and paper was studied. Four samples were obtained from the Prince George 
Pulp Mill (PG), one sample was obtained from the Intercontinental Pulp Mill (EP), and one 
sample was obtained from the Northwood Pulp Mill (NW). Samples collected from the PG 
mills were obtained from the biological basin inlet unit (PGBI), biological outlet unit 
(PGBO), clarifier outlet point (PGCO) and the bleach plant effluent unit referred to as the 
brown white water (PGBWW) which contains fiber and toxic compounds that may resist 
biological treatment. For the IP mill, the sample was obtained at the inlet o f the biological 
treatment unit (IPBI). The EPBI wastewater contains effluent from the production process of 
the mill as well as pre-treated refinery effluent from the Husky refinery located in the same 
area as the mill. Finally, wastewater from the NW mill was obtained from the biological inlet 
unit.
4.1.2 Fenton’s Experimental Procedure
The Fenton’s experimental procedure is same with that described in chapter 3. In this present 
study, experiments were carried out using optimized values established in the previous work, 
Table 4.1 shows the optimum conditions used for the treatment of wastewater by Fenton 
oxidation. These values were used on the different wastewater type in order to determine the 
effectiveness of Fenton’s oxidation process on account o f COD and color removal 
efficiencies. Hence at the end of the experimental process, analysis was conducted to
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determine COD and color for the treated samples. All experiments were performed in 
duplicate.
Table 4.1: Optimum conditions for the wastewater treatment by Fenton’s oxidation process
Parameters Value
PH 3.5 ± 0.05
Temperature 40°C
H2O2 concentration 1M
Fe2+ concentration 0.1M
Fe2+: H20 2 ratio 1 :1 0
4.1.3 Analytical Method
All wastewater samples were kept at 4°C after collection for preservation. Prior to analysis 
samples were allowed to stand for 50 min. The chemical analytical parameters COD, BOD, 
pH, TSS, and color were determined on the raw wastewater samples and results are shown in 
Table 4.2.
Analysis of the untreated and treated wastewaters was determined in accordance with 
standard procedures (APHA, 2005). The analytical procedures for pH and TSS were in 
accordance with those reported in chapter 3.
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Table 4.2: Wastewater initial characterization of the different pulp mill samples
Parameter PGBI PGBO PGBWW PGCO IPBI NWB
COD (mg/1) 337 ± 5 321± 2 750 ±3 270 ± 1 731± 3 1047 ±3
BOD (mg/1) 146.8 40.8 284 83 278.7 382.2
BOD/COD 0.4 0.13 0.38 0.3 0.38 0.36
TSS (mg/1) at 
105°C
81 44.5 85 34 92.5 127.5
COLOR (Pt-Co) 158 970 682 248 698 1344
pH 3.72 7.35 6.29 7.48 7.6 7.34
The COD was determined by reactor digestion method using commercially prepared reagent 
for COD range of 0-1500 mg/1. Blank and standard samples were prepared and placed in the 
preheated digester at 150°C for 2 hours. Digested samples were allowed to cool and 
measurement taken using an automatic COD reader.
Analysis for BOD was carried out in accordance with standard method 521 OB for 5 day 
BOD test. The prepared samples were placed in 300ml BOD bottles and incubated for 5 days 
at 20°C. The change in initial dissolved oxygen (DO) concentration before incubation and 
final DO after 5 days incubation period is a measure of the BOD concentration.
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4.2 RESULTS AND DISCUSSION
4.2.1 Initial Characterization o f the Various Pulp Mill Effluents
As illustrated in Table 4.2, the wastewaters were characterized based on the parameters used 
for the study. From the results (Table 4.2) it was observed that all wastewater types had high 
organic load and low biodegradability (BOD5:COD ratio less than 0.5). The results mean 
that each of the wastewaters is not easily degraded by the conventional biological treatment 
method (Ebrahiem et al., 2013). The wastewaters were also characterized by a light brown to 
dark brown coloration which gives the different color units as represented in the table. 
Samples such as the PGBI had a light brown color compared to the very dark color of the 
NWB sample thus during color analysis the PGBI had a lower color value compared to that 
of NWB (158 and 1344, respectively). In addition, it was observed that the NWB had a very 
strong odor compared to all other wastewaters obtained.
4.2.2 Fenton ’s Oxidation for COD Removal from each Wastewater Samples with Time
The Fenton oxidation experiment was conducted on the four wastewaters obtained from the 
Prince George pulp and paper mill which include PGBI, PGBO, PGBWW, and PGCO. The 
objective was to determine and compare the optimum time for COD removal from each 
sample type. All wastewater samples during the experiments show an increase in COD 
removal with time (Figures 4.1 -  4.4) until an optimum time is attained where the removal 
efficiencies decreased or remained approximately constant. The COD removal rates were 
recorded for PGBO wastewater at 100 minute reaction time with about 94% degradation 
(Figure 4.2). The PGBWW wastewater had a removal efficiency of 92% at 60 minute 
reaction time (Figure 4.3), and about 89% removal was recorded for the PGCO wastewater
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at 40 minutes. These results indicate that the concentration and pollutant types of each 
wastewaters, have a significant effect on the process and thus, contributes to the removal 
efficiency.
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Figure 4.1 Effect of Fenton’s reaction on PGBI wastewater with time [pH = 3.5, H2O2 = 1 
M, Fe2+ = 0.1 M, temperature = 40°C].
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Figure 4.2 Effect of Fenton’s reaction on PGBO wastewater with time [pH = 3.5, H2O2 = 1 
M, Fe2+ = 0.1 M, temperature = 40°C].
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Figure 4.3 Effect of Fenton’s reaction on PGBWW wastewater with time [pH = 3.5, H2O2 = 
1 M, Fe2+ = 0.1 M, temperature = 40°C].
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Figure 4.4 Effect of Fenton’s reaction on PGCO wastewater with time [pH = 3.5, H2O2 = 
1M, Fe2+ = 0.1M, temperature = 40°C]
4.2.3 Effect o f Fenton’s Oxidation on COD removal for the 3 Mills Bio-basin Effluents 
(PGBI, IPBI, and NWB)
The aim of this experiment was to investigate the efficiency and effectiveness of Fenton 
oxidation in the treatment of wastewater from the three mills operated by Canfor. The 
experiment was conducted using the optimized values. Results are illustrated in Figure 4.5 
and demonstrate over 80% removal efficiencies for all samples. NWB wastewater having an 
initial COD concentration of 1047 ± 3 mg/L achieved approximately 84% COD removal. 
PGBI sample with initial COD 337 ± 5 mg/L resulted in an 87% removal. The IPBI (initial 
COD 731 ± 3 mg/L) achieved 81.5% removal. Data analysis was done using average values 
for all results obtained in the experiment. With regards to the overall efficiency of the 
Fenton’s oxidation process on COD removal across the three mills, results indicate that the
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total reduction in COD is not dependent upon initial COD value. A close range of removal 
efficiencies (± 3% reduction) was obtained for all mills sample when treated using the same 
operating conditions of the treatment technique.
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Figure 4.5 Effect of Fenton’s reaction on overall removal efficiency of the three mills bio­
basin effluent [pH = 3.5, H2O2 = 1M, Fe2+ = 0.1M, temperature = 40°C, time = 40min].
Furthermore, result obtained for the treatment of IPBI sample which comprises o f the 
combined wastewater from pulp mill and oil refinery, shows an 81.5% COD removal 
efficiency. Fenton’s oxidation process is therefore considered an effective treatment for 
combined wastewaters.
62
4.2.4 Effect of Fenton’s Treatment before and after Biological Treatment on Account o f  
COD and Color Removal (PGBI, PGBO)
The rationale behind the collection of wastewater samples from the biological inlet (PGBI) 
and outlet (PGBO) points was to investigate the efficiency and usefulness of the Fenton’s 
process before and after the biological treatment in order to determine the efficiency of 
Fenton process as a preliminary treatment as well as a tertiary treatment. The PGBI sample is 
wastewater before biological process and PGBO sample is that after biological process. 
Experiments were performed using the optimized values of the various parameters for the 
Fenton’s process for a 40 min time period. Samples were withdrawn at the end of the 
reaction period and analysis for COD and color were conducted. The results are presented in 
Figure 4.6.
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Figure 4.6 Comparing the effect of Fenton’s process before and after biological treatment 
using overall average data [pH = 3.5, H2O2 = 1 M, Fe2+ = 0.1 M, temperature = 40°C, time = 
40 minutes].
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Application of Fenton’s process prior to biological treatment degrades bio-resistant and toxic 
compounds present in pulp mill wastewater which can reduce the efficiency of bacteria used 
in the biological process (Rizzo, 2011). Various studies have been conducted on the 
application of the advanced oxidation process as a pre-treatment step prior to a biological 
process (Mantzavinos & Psillakis, 2004; Mandal et al., 2010). The present work show, that 
the application of Fenton’s oxidation before the biological treatment (PGBI sample) gave a 
considerable percentage COD removal of 86.9%; while a COD removal efficiency of 91% 
was recorded when Fenton oxidation was used as a post treatment step. Comparing the two 
results, it can be seen that there was a 4% enhanced COD reduction in the Fenton’s treatment 
after biological process. On the other hand, removal efficiency for color was observed to be 
80.4% and 96.4%, before and after biological treatment respectively. Thus, this treatment 
process is considered effective as being used as a pre-treatment and post treatment technique. 
Fenton’s process can be combined with biological process to enhance the overall removal 
efficiency of pollutants from wastewaters.
4.2.5 Color Removal by Fenton’s Oxidation for the Different Wastewater Type
A characteristic feature of pulp mill wastewater is the presence o f color ranging from light 
brown to dark brown as a result of the organic compound lignin and other substances used in 
the production and treatment process. In this study, the application of Fenton’s oxidation 
process has proven to be effective in the removal of color from these wastewaters. From the 
results (Table 4.3) all wastewater samples achieved high color removal efficiencies. Samples 
such as the PGBO and NWB which have initial color unit of 970 and 1344 Pt-Co, 
respectively, were seen to achieve over 95% removal after 40 minute of treatment time using 
the optimized experimental conditions.
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Table 4.3 Fenton’s oxidation on %Color removal at 40mins for all wastewater types (ICU= 
color unit for the untreated sample; TCU = color unit for the treated sample)
Sample ICU(Pt-Co) TCU(Pt-Co) %Color removal
PGBI 158 31 80.4
PGBO 970 35 96.4
PGBWW 682 128 81.2
PGCO 248 1 1 1 55.2
IPBI 698 48 93.1
NWB 1344 59 95.6
4.3 CONCLUSION
Treatment o f six different wastewater types from the pulp mill industry has been studied 
using Fenton’s process. The results obtained show that COD removal efficiencies are 
different for each wastewater type, although they all show a similar trend of increased COD 
removal with time. Maximum COD removal of the PGBO sample was recorded in a lOOmin 
reaction period with about 94% removal, PGBWW wastewater had a removal efficiency of 
92% at 60min. Analysis conducted for all sample types at 40min reaction time indicated that 
the process is effective and efficient in removing COD and color with over an 80% 
efficiency within a short period of time. Results obtained also indicate that the process is 
effective as a preliminary treatment prior to biological oxidation (PGBI sample = 86.9% 
COD and 80% color removal) as well as a post treatment step (PGBO sample = 91% COD
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and 96% color removal). The process is also effective in treating combined wastewater with 
81.5% removal efficiency using the IPBI sample.
Furthermore, Fenton’s oxidation process is shown to be effective in the removal o f odor 
from wastewaters as found when treating the NWB wastewater sample.
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CHAPTER 5
GENERAL CONCLUSION
The application of Fenton’s process in treating wastewaters from pulp mill has been 
investigated. Chapter 2 gives an overview of the Fenton’s chemistry, discussing the 
chemistry of the main components of Fenton’s reagent (hydrogen peroxide and ferrous ions) 
as well as its application as an oxidation process in waste degradation.
Chapter 3 examines the optimization of the various factors that affect the Fenton’s oxidation 
process which include pH, temperature, hydrogen peroxide concentration, ferrous 
concentration, and reaction time. Experiments were conducted in five stages: the first stage 
was designed for optimized pH by varying a range of pH (2 to 6 ) while keeping other 
conditions constant. At the end of the experiment the optimal value at which maximum COD 
removal was achieved was determined to be 3.5 which was used in subsequent experiments. 
In the second stage, temperature was optimized using a range of 30 to 50°C at the optimized 
pH while keeping other parameters constant. In the third stage, optimization of hydrogen 
peroxide concentration was conducted using a range 0.1M to 6 M, and the optimal value was 
obtained at 1M. In the fourth stage, while using the optimized values of other parameters 
with exception to reaction time, which was kept constant at 40min for all experiments, the 
ferrous concentration was optimized using a range of 0.02M to 0.5M. Finally, the effect of 
time was examined by altering the total time in 2 0  min intervals between 2 0  and 160 using 
all optimized values and an efficiency of 89% COD removal was recorded after 120min 
reaction time.
Therefore, Fenton’s oxidation treatment was successfully optimized for treating a pulp mill 
wastewater.
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Chapter 4 investigates the effect of Fenton’s oxidation process in treating different types of 
wastewaters obtained from the pulp mill with regards to COD and color removal using the 
pre-set optimized values. The results obtained were examined and compared to determine 
overall removal efficiencies between the three mills as well as the efficiency of the process 
before and after biological treatment. Results indicate that the process is effective in treating 
all the wastewater types with over 80% COD removal efficiencies at the optimized 
conditions of pH 3.5, temperature 40°C, H2O2 dose 1M, and Fe2+ concentration of 0.1M with 
a short reaction time of 40 minutes.
Fenton’s process is found to be effective in treating combined wastewater (BPBI sample) as 
well as the removal of color from all the different wastewaters.
The treatment process has not only shown its efficiency in COD and color removal, but also 
in the removal of odor from wastewaters. The Fenton oxidation process is therefore highly 
recommended to be used as a treatment for wastewater containing organic pollutants.
5.1 LIMITATIONS AND FUTURE STUDY
In this study, initial characterization was conducted only on COD, BOD, color and TSS. The 
individual components present in the wastewaters, both organic and inorganic as well as the 
resulting compounds from the Fenton’s process, were not examined. This can be done in 
future studies in order to design a complete treatment for the wastewater type.
For the optimization experiment, only one sample type was used to determine the effect of 
the various operating factors for the Fenton’s process, and the values obtained were applied 
to the treatment of all other wastewater samples. However, optimization of the process
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parameters for each sample type is necessary in order to compare the optimum method for 
the removal of organic compound and toxic materials from each wastewater stream. In the 
study, temperature optimization was carried out using a range of values 30°C, 40°C, and 
50°C and the optimal was achieved at 40°C indicating that the process is feasible at very low 
temperature. However, further study will be conducted using a narrow range of values 
between 40°C and 50°C to further determine if there is a difference in the process efficiency 
with regards to temperature shift. For hydrogen peroxide concentration, future study will 
investigate lower concentrations to determine its effect on the process efficiency. For pH, 
results obtained indicate that there is very little pH dependence across the optimal pH range 
of 2.5 to 4. Hence, this is considered significant to industries because adjusting pH of 
wastewater stream within half an order of magnitude will produce notable results with little 
or no difference. Major concern for industries about the use o f Fenton’s process is its 
applicability at lower pH. Effluents from pulp mills have pH values between the ranges of 6  
and 7. A lower pH range means that pH adjustment is required for the performance of the 
Fenton’s process. This may be considered capital intensive because of the large quantities of 
effluent stream. However, disposal of wastewater into receiving rivers without proper 
treatment results in environmental hazards. Furthermore, remediation of the polluted 
environment may be more costly when compared to designing a pilot wastewater treatment 
plant for the Fenton’s process.
Furthermore, in order to obtain a better conclusion of the Fenton’s process in improving 
wastewater biodegradability, future study will investigate the BOD concentration for all 
treated samples.
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